The objective of this work was to investigate the influence of polyglycerol esters of monolaurate on the properties of soybean oil-in-water submicron emulsions, with dispersed phase of 1 wt% to 10 wt% soybean oil, passing through an in vitro digestion model. The addition of pancreatic lipase to the emulsions, either alone or in combination with bile extract, led to increases in mean droplet diameter and ζ-potential absolute values. The stability of the submicron emulsions against droplet flocculation and coalescence during gastrointestinal passage was strongly dependent on emulsifier type. The total amount of free fatty acids by the end of the digestion period was fairly similar, regardless of the type emulsifier used. When the dispersed phase concentrations decreased from 10 wt% to 1 wt%, the conversion to free fatty acids ranged from 36.2% to 91.5%.
Introduction
Dietary lipids are consumed by humans in a variety of forms, e.g., bulk fats, fats trapped in solid matrices, waterin-oil (W/O) emulsions, or oil-in-water (O/W) emulsions (McClements, 2004; Beysseriat et al., 2006) . Nevertheless, most fats are broken down into O/W emulsions in the mouth, stomach and/or small intestine due to the mechanical stresses they experience and the presence of various surface-active and stabilizing components (Armand et al., 1997; Bauer et al., 2005; Pafumi et al., 2002) . Hence, the substrate for the digestion of dietary lipids is usually lipid droplets dispersed in an aqueous medium, with the surface of the droplets being coated by a complex layer of surface-active materials that may come from a variety of sources (Armand et al., 1997; Bauer et al., 2005) .
In humans, the digestion of dietary lipids begins in the stomach and is completed in the small intestine, where final absorption of digestion products occurs (Beysseriat et al., 2006; Armand et al., 1994) . Typically, a small portion of the lipid hydrolysis occurs in the stomach, and the remainder in the small intestine (Fave et al., 2004) . In the stomach, lipid digestion is attributable to hydrolysis by gastric lipase, whereas in the small intestine it is attributable to hydrolysis by pancreatic lipase. Before pancreatic lipase can catalyze fat digestion, the enzyme needs to adsorb to the surface of the lipid droplets so that it can come into close contact with the substrate. It has been proposed that the adsorption of pancreatic lipase is facilitated by the presence of bile acids that are released from the gall bladder or directly from the liver, and by the presence of co-lipase that is released from the pancreas (Mun et al., 2006) . Therefore, the nature of the interfacial layer surrounding the lipid droplets is expected to play an important role in determining the rate and extent of lipid hydrolysis (Fillery-Travis et al., 1995) . Additional surfaceactive substances may be produced during the hydrolysis of tri-, di-and mono-glycerides, as well as free fatty acids (FFA) (Bauer et al., 2005) . In summary, the composition, structure, and physicochemical properties of the interfacial layer surrounding the lipid droplets should have a great influence on determining the extent of enzyme binding to the droplet surface and, therefore, the extent of lipolysis (Wickham et al., size of the dispersion significantly influences the transfer of β-carotene from dispersions into micelles. Also, the smaller the particle/droplet size, the higher the transfer of β-carotene.
The purpose of this work was to investigate the influence of PGEs on the physicochemical properties of submicron O/ W emulsions stabilized by PGEs using an in vitro pancreatic lipase lipid digestion model. A PGEs stabilized soybean oil in water model was employed because both are widely used in the food industry. We also evaluated changes in droplet diameter and ζ-potential during digestion. In particular, this work aimed to provide information about alterations in lipid droplets, in terms of droplet diameter, ζ-potential, and FFA, on the physicochemical processes occurring during digestion.
Materials and Methods
Materials Refined soybean oil was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). PGEs used as emulsifiers were supplied by Sakamoto Yakuhin Kogyo Co., Ltd. (Osaka, Japan). PGEs used in this work are ML310 (tetraglycerol monolaurate, n = 2), ML500 (hexaglycerol monolaurate, n = 4), and ML750 (decaglycerol monolaurate, n = 8) (Fig. 1) . Tables 1 and 2 list the hydrophile-lipophile balance (HLB) numbers, among other physicochemical properties of the emulsifiers studied. Milli-Q water with a resistivity of 18 MΩ cm was used as the medium for preparing all the aqueous solutions. Bile extract, pancreatic lipase (from porcine pancreas, Type II, 100 − 400 units/ mg protein using olive oil at 30 min incubation) and oleic acid were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Hydrochloric acid, sodium bicarbonate, sodium hydroxide, disodium hydrogen phosphate dodecahydrate (sodium phosphate, dibasic), sodium dihydrogen phosphate dihydrate and phenolphthalein were purchased from Wako Pure Chemical Industries, Ltd.
1998).
Submicron emulsions can be defined as systems of at least two nearly immiscible fluids dispersed one into another, forming droplets with a diameter < 1 micrometer (Cortés-Muñoz et al., 2009) . Submicron emulsions are gaining increasing importance as vehicles for the delivery of hydrophobic drugs, both intravenously (Levya and Benita, 1989) and orally (Myers and Stella, 1992) . Beysseriat et al. (2006) investigated the influence of dietary fiber on the digestibility of emulsified lipids using an in vitro gastrointestinal digestion model. They reported that pectin can promote depletion flocculation in submicron emulsions under model physiological conditions when present at sufficiently high concentrations, whereas chitosan can promote bridging flocculation depending on its molecular weight and solution pH. Mun et al. (2007) prepared submicron emulsions using either sodium caseinate, whey protein isolate (WPI), lecithin or Tween 20 as emulsifiers and investigated the influence of interfacial composition on in vitro digestion. They demonstrated that the rate and extent of lipid hydrolysis and of droplet aggregation depended strongly on interfacial composition.
Emulsifiers play important roles in the production of many food products. The development and application of food emulsifiers have followed the advancement in the food industry, which has increased tremendously over the past few decades. Among these, polyglycerol esters of fatty acids (PGEs) are commonly used in foods, for example margarine and desserts, among other products. Many different types of PGEs are also widely used in cosmetics and toiletries. Under European Union regulation for food additives, PGEs are given the reference number E475, which requires that the polyglycerol moiety should mainly be di-, tri-and tetraglycerol, with a maximum of 100 g kg −1 polyglycerol with a polymerization degree (n) higher than 6 (Tan and Nakajima, 2005) . By contrast, the Food and Drug Administration of the United States allows a polymerization degree up to 9 (Tan and Nakajima, 2005) . Xu et al. (2001) and Tan and Nakajima (2005) investigated the influence of PGEs on the preparation characteristics of β-carotene nanodispersions. Those authors reported that the use of PGEs was effective for the preparation of β-carotene nanodispersions having a narrow particle size distribution. Yin et al. (2008) studied the influences of PGEs on the physicochemical properties and stability of β-carotene emulsions during digestion in simulated gastric fluid. They reported that the higher polymerization of the glycerol in PGE led to the production of small-particle-sized β-carotene emulsions and exhibited more resistance to gastric digestion. Wang et al. (2012) studied the factors modulating β-carotene micelle formation in dispersions using an in vitro digestion model. They reported that the initial particle/droplet z. Wang et al.
Fig. 1.
Representation of generic polyglycerol monolaurate chemical structures: ML310 (n = 2), tetraglycerol monolaurate; ML500 (n = 4), hexaglycerol monolaurate; ML750 (n = 8), decaglycerol monolaurate.
sample was acidified to pH 2.0 with 1 mol/L HCl. The mixture was transferred to a clean bottle and incubated for 1 h at 37℃, with shaking at 95 strokes/min, in a water bath (TA-ITEC Personal-11, Saitama, Japan). Stage III (small intestine digestion, pH 5.3): The pH of the acidified emulsion sample was raised to 5.3 by adding 0.9 mol/L sodium bicarbonate. 7.5 mL of a mixture containing bile extract and pancreatic lipase in 5 mM phosphate buffer solution was then added to 30 mL of the emulsion sample to give final concentrations of 5.0 mg/mL bile extract and 1.6 mg/mL pancreatic lipase. The mixture was then held at 37℃, with shaking at 95 strokes/min, for 2 h. Stage IV (pH 7.5): The pH was increased to 7.5 by the addition of 1 mol/l NaOH and the samples were incubated in a water bath at 37ºC, with shaking at 95 strokes/min, for 2 h Solution preparation A 5 mmol/L phosphate buffer (pH 7.0) was prepared by dispersing disodium hydrogen phosphate dodecahydrate and sodium dihydrogen phosphate dihydrate in Milli-Q water. Each emulsifier solution was prepared by dissolving 1.0 wt% PGE into the phosphate buffer followed by filtration using a hydrophilic polycarbonate filter (Isopore membrane filters, type TMTP, 5.0 μm, Millipore). 0.9 mol/L sodium bicarbonate solution and 1 mol/L sodium hydroxide solution were prepared by dissolving sodium bicarbonate and sodium hydroxide powders into Milli-Q water. Bile extract and pancreatic lipase were prepared by dissolving 187.5 mg bile extract and 60 mg pancreatic lipase in 7.5 mL of the phosphate buffer, respectively.
Preparation of emulsions Refined soybean oil was used as the dispersed phase. Aqueous solutions containing an emulsifier were used as the continuous phase. A pre-mix with the dispersed phase of 1 wt%, 3 wt%, or 10 wt% was homogenized using a conventional homogenizer (Polytron PT3000, Kinematica AG, Lucerne, Switzerland) at 5,000 rpm for 5 min to produce a coarse O/W emulsion, immediately followed by high pressure homogenization (Microfluidizer Processor Model M-110EH, Microfluidics Corporation, Newton, ME, USA) in a single pass at 50 MPa. The pH value of the prepared O/W emulsions was 7.0.
In vitro digestion model An in vitro digestion model that simulates gastric and small intestine environments was used in this work, which was a modification of that described by Beysseriat et al. (2006) (Fig. 2) : Stage I (pH 7.0): An emulsion sample (pH 7.0) was transferred into a clean glass bottle and then stored for approximately 1 h at room temperature. Stage II (gastric digestion, pH 2.0): 30 mL of the emulsion
In Vitro Gastrointestinal Digestibility of Oil Droplets for 24 h at room temperature (25℃), and reaction mixtures reached almost equilibrium. After storage, phase separation was observed in some of the systems. Photographs of the emulsions were taken using a digital camera.
Results and Discussion
Characterization of physicochemical properties of droplets during in vitro gastrointestinal digestion In this section, we examine changes in the physicochemical properties of droplets during in vitro gastrointestinal digestion (Fig. 3a − d) . The mean droplet diameters of the prepared O/ W submicron emulsions were 0.38 ± 0.01 μm for ML310, 0.28 ± 0.06 μm for ML500, and 0.18 ± 0.01 μm for ML750. PGEs with a higher degree of polymerization resulted in the preparation of submicron emulsions with smaller droplet diameter (Fig. 3a) . In this work, the interfacial tension for the ML310-containing system was 10.1 mN/m, whereas the interfacial tensions for ML500-and ML750-containing systems were 6.1 and 6.4 mN/m, respectively. The emulsifier also influences the droplet size by reducing the interfacial tension between the oil and aqueous phases, thereby facilitating droplet disruption (McClements, 2004) . HLB number gives a useful indication of the solubility of an emulsifier in a liquid phase and can be used to predict the type of emulsion stabilized by the emulsifier. High emulsion stability is generally obtained for O/W emulsions using emulsifiers with HLB numbers around 10 − 12, and for W/O emulsions around 3 − 5 (McClements, 2004) . The droplet size distribution of the submicron emulsions prepared in this work was also investigated. The submicron emulsion stabilized by each emulsifier showed a high peak in stage I (Fig. 3b − c) . During the in vitro digestion model, the mean droplet diameter changed as follows (Fig. 3a) . In stage II (gastric digestion), the mean droplet diameters remarkably increased from 0.38 ± 0.01 μm to 0.81± 0.07 μm for ML310 and from 0.28 ± 0.06 μm to 0.31 ± 0.01 μm for ML500, whereas the mean droplet diameter for ML750 increased from 0.18 ± 0.01 μm to 0.21 ± 0.01 μm. Among the emulsifiers used in this study, the ML750-containing system had the highest emulsion stability, with slight changes in the droplet size distribution during digestion. On the other hand, the ML500-and ML310-containing systems exhibited remarkable changes in the droplet size during the digestion, resulting in either broad or bimodal size distribution, respectively (Fig. 3b-d) . In stage III (small intestine digestion), the addition of pancreatic lipase and bile extract to the emulsions caused a small change in the droplet diameter of the emulsions stabilized by the PGEs. In stage IV, the mean droplet diameters increased to 1.6 ± 0.2 μm for ML310, 0.51 ± 0.01 μm for ML500, and 0.32 ± 0.01 μm for ML750. The droplet size distribution of emulsions stabilized to complete the intestinal phase of the in vitro digestion process.
Pancreatic lipase-catalyzed hydrolysis of emulsions The amount of FFA hydrolyzed from the emulsified lipids due to pancreatic lipase activity was monitored using a titration method described previously (Mun et al., 2007) . Lipase activity was determined by measuring the amount of FFA. In this case, stage III was used as an in vitro digestion model because the amount of FFA hydrolyzed from emulsified lipids is negligible during stage II (Data not shown). After incubation, acetone was added to the reaction mixture to terminate the lipolysis. Several drops of phenolphthalein were added to the emulsion and the FFA content was then determined by end-point titration with 0.01 mol/L NaOH (Mun et al., 2007) . A standard curve was plotted using the same titration method to measure the FFA present in emulsions with known concentrations of added FFA (0 − 1000 μmol oleic acid). The amount of FFA released from the emulsions was then determined from the standard curve. The lipase activity was expressed as μmol of FFA hydrolyzed from 1 mL of emulsion. To determine the endogenous level of fatty acids present prior to the action of lipase, the amount of FFA in each emulsion with only bile extract, lipase and buffer were also measured.
Physical and physicochemical properties of the fluids The viscosity of the liquids was measured with a vibro viscometer (SV-10, A&D Co. Ltd., Tokyo, Japan). The equilibrium interfacial tension across the two phases was measured by the pendant drop method using a Full Automatic Interfacial Tensiometer (PD-W, Kyowa Interface Sciences Co., Ltd., Saitama, Japan).
Droplet diameter and ζ-potential measurements The mean droplet diameter and droplet size distribution of all emulsions were measured using a laser diffraction particle size analyzer incorporating Polarization Intensity Differential Scattering (PIDS) technology (LS 13320, Beckman Coulter Ltd., Miami, FL, USA). The mean droplet diameter was determined by the Sauter mean diameter (d 3,2 ). After passing through each step of the in vitro gastrointestinal digestion model, the emulsions stabilized by each emulsifier were stored for 24 h at room temperature, and then ζ-potential was measured by Dynamic Light Scattering (Zetasizer Nano ZS, Malvern Instruments Ltd., Worcestershire, UK). All measurements are reported as the average and standard deviation of measurements made on at least two freshly prepared samples.
Creaming stability measurements Aliquots (5 mL) of the emulsions were collected at the end of each stage of the in vitro digestion model (pH 7.0, pH 2.0, pH 5.3, and pH 7.5) and transferred to test tubes. The emulsions were then stored by ML310 and ML500 are similar at pH 2.0 from stage II to IV, although the amount of smaller sized droplets decreased. In contrast, no major differences were observed with respect to ML750-stabilized emulsions (Fig. 3b − d) .
The preceding results suggest that the stability of the submicron O/W emulsions during in vitro gastrointestinal digestion was dependent on the type of emulsifier used. We also evaluated creaming stability of the emulsions during in vitro gastrointestinal digestion (Fig. 4) . In stage I, droplet aggregation and creaming were not observed for all the emulsifiers used. In stage II, the creaming stability depended on the emulsifier type. For instance, the use of ML310 resulted in oiling-off (Fig. 4b) , whereas a creaming phase was observed in the case of ML500-or ML750-stabilized emulsions (Fig.  4c) . These results suggest that the emulsion droplets redispersed when the samples were diluted for the light scattering measurements, indicating that the droplets were weakly flocculated, rather than coalesced or coagulated (McClements, 2004) . The ζ-potential of the submicron O/W emulsions prepared were − 27.1 mV for ML310, − 36.7 mV for ML500, and − 36.2 mV for ML750 (Fig. 5) . A minimum ζ-potential of ± 30 mV is required for a dispersion to remain physiIn Vitro Gastrointestinal Digestibility of Oil Droplets emulsifiers, more FFAs were detected (103 μmol/mL, 102 μmol/mL and 93.1 μmol/mL, respectively). The total contents of FFA by the end of the digestion period were fairly similar, regardless of the type of emulsifier used. These results suggest that lipase was able to come into close contact with the emulsified lipids, hydrolyzing them. The extent of lipid hydrolysis was higher when bile extract was present, indicating the ability of bile extract to displace the emulsifier from interfaces and to promote lipase activity. Theoretically, the fatty acid content in the mixture of emulsions with 10 wt% soybean oil and gastric juice is nearly 220 μmol/mL.
cally stable if an emulsifier is stabilizing the dispersion by electrostatic repulsion (Chu et al., 2007) . This indicates that the PGE-stabilized submicron emulsions were nearly stable against coalescence and aggregation. Interestingly, even though PGEs are non-ionic emulsifiers, the emulsion droplets had a negative ζ-potential. Hsu and Nacu (2003) suggested that emulsion droplets stabilized by a non-ionic emulsifier have an electrical charge due to preferential adsorption of OH − (rather than H + ) species from water onto the droplet surface . However, it is also possible that there may have been some anionic surface-active impurities (e.g., fatty acid) in the emulsifiers used in this work, which could adsorb to the droplet surfaces. In stage II, the ζ-potential values changed to − 19.8 mV for ML 310, − 43.0 mV for ML 500, and − 35.0 mV for ML 750, suggesting that surface active components could have partly displaced some of the emulsifier molecules from the droplet surface. In stage III, the ζ-potential values increased considerably to − 135 mV for ML 310, − 131 mV for ML500, and − 120 mV for ML750. The lipase molecules could have displaced, interpenetrated or adsorbed on top of the existing surface-active molecules at the interface (Mun et al., 2007) . Lipase can adsorb to oil-water interfaces both in the absence or presence of bile salts. Gargouri et al. (1983 Gargouri et al. ( , 1986 reported that the addition of bile salts to the emulsions promotes the adsorption of lipase and increases its activity. In stage IV, the emulsion droplets exhibited more negative charges. These results show that the changes on ζ-potential during in vitro gastrointestinal digestion were independent of emulsifier type. It is considered that the three types of emulsifiers used in this work have similarities with respect to their chemical structures (Fig. 1) and electrical charge. This may have been the reason why the changes on ζ-potential did not depend on emulsifier type in this study.
Lipid hydrolysis during in vitro small intestine digestion Lipid digestion involves several sequential steps that include various physicochemical and enzymatic events (Bonnaire et al., 2008) . In healthy humans, gastric lipolysis leads to hydrolysis of ingested triacylglycerols, generating mainly FFA and diacylglycerols (Pafumi et al., 2002) . There was a steep increase in the contents of FFA hydrolyzed from oil in every sample during the initial period (0 to 30 min), after which FFA contents increased slowly (Fig. 6a − c) . When bile extract alone was present in the digestion system, the FFA contents during the whole lipid hydrolysis period were negligible. In the absence of bile extract, FFAs were detected in all cases: ML310-, ML500-and ML750-stabilized submicron emulsions, during the whole lipid hydrolysis period (84.8 μmol/mL, 66.9 μmol/mL and 78.6 μmol/mL, respectively). When bile extract was added in combination with pancreatic lipase to each submicron emulsion stabilized by the previous pecially at the beginning of digestion. FFA content at the end of the digestion period was almost identical, regardless of the emulsifier type, indicating that lipid conversions depended on the ratio of oil to lipase in the reaction mixture, rather than on emulsifier structure. Overall, ML750 was most effective for stable submicron scale of droplet diameters during in vitro gastrointestinal digestion. This work was conducted to provide a better understanding of the digestibility of soybean oil droplets stabilized by PGEs using an in vitro gastrointestinal model. This is an important contribution to the design of foods by controlling the bioavailability of lipids, as well as the extent of fatty acids hydrolysis.
However, a relatively low conversion of lipids to FFA (nearly 30%) was observed, regardless of the emulsifier used. We suppose that the reason for this low conversion might be due to insufficient amounts of lipase and bile extract for complete lipid hydrolysis. The effect of oil content (1, 3, 10 wt%) on the amount of FFA was further evaluated using ML750-stabilized emulsions. As indicated in Fig. 7 , the final FFA contents after digestion increased with the oil content, from 1% to 10%, and they were 20.3, 38.3 and 90.1 μmol/mL, resulting in 91.5%, 57.8% and 36.2% conversion, respectively. As previously reported, the type of emulsifier may affect the ability of lipase to access the emulsified lipids and initiate digestion (Mun et al., 2007; Hur et al., 2009) . We also investigated the change in droplet diameter of emulsions during in vitro small intestine digestion. The mean droplet diameter of the emulsion stabilized by each emulsifier before digestion was about 0.31 ± 0.02 μm, while after digestion the mean droplet diameters increased to 0.69 ± 0.01 μm, 0.41 ± 0.01 μm and 0.41 ± 0.01 μm for ML310, ML500 and ML750, respectively (data not shown). The addition of bile extract to emulsions did not lead to changes in mean droplet diameter. The addition of pancreatic lipase to emulsions, either alone or combination with bile extract can lead to an increase in mean droplet diameter. ML500 and ML750 produced little change in mean droplet diameters, whereas ML310 produced an approx. 2 times bigger mean droplet diameter.
Conclusions
In conclusion, this work shows that the stability of the submicron emulsions against droplet flocculation and coalescence during gastrointestinal passage was strongly dependent on the emulsifier type. On the other hand, the changes in ζ-potential during in vitro gastrointestinal digestion were not affected by the emulsifier type. A comparison of the digestion system with and without bile extract indicated that the incorporation of bile extract led to a significant increase, esIn Vitro Gastrointestinal Digestibility of Oil Droplets Fig. 7 . Effect of dispersed phase concentration on free fatty acids content, for emulsions stabilized by ML750 during digestion.
